We demonstrate, using first-principles calculations, that the exceptional behavior of amorphous transparent conducting oxides formed from In, Zn, Ga, and Al cations arises from the preservation of local crystal order in the cation centered polyhedra, which is maintained due to the strong charge transfer to oxygen. While tails of localized states may be created above the valence band, the highly delocalized conduction band remains unperturbed, offering effective n-type conduction despite the existence of long-range structural disorder. This is in direct contrast to the paradigm set by amorphous covalent semiconductors.
Introduction
Amorphous transparent conducting oxides (aTCOs) are becoming the materials of choice for optoelectronic applications.
1-5 They exhibit excellent electronic transport properties in stark contrast to traditional amorphous covalent semiconductors, and yet, their underlying chemical and physical characteristics have yet to be fully understood and explored.
In amorphous systems, the underlying crystalline nature of a material is destroyed, and the language we generally use to describe complex phenomena ranging from crystal phase transitions to anisotropic optical diffraction is lost. For covalent semiconductors such as Si, amorphization is associated with a substantial deterioration in conductivity, relative to the crystalline phase. This is due to the formation of unpassivated dangling bonds, which introduce tail states inside the band gap and deteriorate electron transport. 6 It is therefore remarkable that aTCOs can exhibit superior properties relative to their crystalline counterparts. How does this peculiar behavior arise?
To begin with, TCOs are themselves an exclusive class of materials. Their combination of visible light transmission with high electronic conductivity makes them essential for window layers in photovoltaic devices and for application in thin-film transistors and UV optoelectronic devices. 7, 8 The prototype TCOs are metal oxides formed from ns 0 post-transition metal cations, namely, ZnO, In 2 O 3 , and SnO 2 .
9-12 These materials exhibit intrinsic n-type behavior, which is often assisted by oxygen deficiency or cation interstitials, 13 and can be further substitutionally doped to exhibit low resistivities comparable to metallic conductors, e.g. ZnO:Al, In 2 O 3 :Sn, and SnO 2 :F. 9 The ever increasing demand to decrease TCO cost and to improve their stability and performance has led to the investigation of complex ternary and quaternary oxide systems with novel cation combinations.
1-5,14-18 To supplement the list of basic elemental ingredients (Zn, In, Sn), the addition of Ga and Al can serve both to increase the optical band gaps for UV applications and . It is therefore imperative to obtain a deep understanding of the underlying composition-structure-performance relationship so that the optimum material compositions can be designed and synthesized. One prototype quaternary material that has emerged recently is InGaZnO 4 (IGZO), which contains In, Ga, and Zn in a 1:1:1 ratio, and has been the subject of detailed investigation. [19] [20] [21] [22] [23] Due to the high energetic cost of forming crystalline multicomponent oxides, producing amorphous thin films by low temperature processing is becoming standard and is especially desirable for widespread commercial application and for producing contacts for flexible optoelectronic devices. In particular, amorphous oxide films are amenable to low cost growth techniques (e.g., sputter deposition), and they combine thermal and chemical stability with excellent conductivity. After preliminary work by Hosono et al. on amorphous Cd 2 GeO 4 , AgSbO 3 , and Cd 2 PbO 4 , 24 the breakthrough in this field came from the report by Nomura et al. , more than an order of magnitude greater than a-Si. They attributed this remarkable behavior to the isotropy of the conduction band network, 1 which in most n-type TCOs is predominately composed of cation s orbitals. 25, 26 Following this report, IGZO has become the most widely studied amorphous TCO and is a strong candidate for the electron-injection-layer for solid-state lighting devices.
1,21,27 Replacement of In with Sn to form (Sn,Ga,Zn)O n amorphous oxides has been investigated; 28 however, (Sn,Ga,Zn)O n based compounds were found to offer much poorer performance compared to IGZO due to the presence of a significant amount of tail states that inhibit the conductivity, 28 which may be linked to the accessibility of both the upper (4 þ ) 29,30 and lower (2 þ ) 31,32 oxidation states of Sn and the associated ionic charge compensation of excess electron carriers. Typically in amorphous semiconductors, structural defects formed where the normal coordination environments are lost, produce states in the band gap, which can substantially deteriorate the electrical properties. 6 For amorphous silicon, the tail states, caused by dangling bonds, can be passivated through hydrogenation. In contrast, sub-band gap defect states are apparently not an issue for carrier transport in most aTCOs, 26 and even if produced, they can be controlled via low temperature (300°C) annealing.
28 Theoretical work on amorphous IGZO, simulated using classical molecular dynamics, 33 found short-range coordination environments in good agreement with the crystalline structure 19 and extended X-ray absorption fine structure (EXAFS) measurements of the amorphous system, 33 which suggests a different paradigm to covalent semiconductors. In this work, we contrast the crystalline and amorphous phases of a wider range of TCOs, In 2 O 3 (ZnO) (IZO), IGZO, and InAlZnO 4 (IAZO), from a first-principles electronic-structure perspective and demonstrate what makes this class of amorphous materials unique: the preservation of local cation coordination environments, driven by strong metal to oxygen charge transfer, is combined with long-range structural disorder to provide a dispersive and delocalized conduction band without the influence of tail states.
Computational Methods
Total energy electronic structure and molecular dynamics calculations were performed using density functional theory 34, 35 (DFT) as implemented in the Vienna Ab Initio Simulation Package.
36,37 The Zn, Ga, and In shallow-core d 10 states were treated as valence within the all-electron projector augmented wave method 38 and a plane-wave basis set (500 eV cutoff). Exchange and correlation effects (E xc ) were treated by the generalized gradient approximation, through the Perdew-BurkeErnzerhof (PBE) functional.
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It is well-known that standard local or semilocal DFT exchange-correlation functionals underestimate the band gaps of insulators and semiconductors due to the discontinuity in the energy derivative.
40,41 For more quantitative bandgap estimations, we adopted the hybrid HeydScuseria-Ernzerhof (HSE06) approach, 42, 43 in which 25% of exact Hartree-Fock nonlocal exchange replaces the shortrange (SR) PBE functional. 
where
The HSE06 results were then used to augment the band gaps in the PBE-calculated density of states and optical absorption spectra due to high computational scaling of the hybrid functional with increasing number of atoms per unit cell for the large system sizes studied. The layered modulated crystalline structures, containing 4 f. u. per cell, were taken from a recent first-principles structural study.
23 A k-point grid density of 4 Â 4 Â 2 was employed for these systems, with a double density mesh (8 Â 8 Â 4) used for calculating the electronic density of states and optical properties. The single-particle optical absorption spectra were calculated within the transversal approximation: 44 the optical transition matrix elements AEψ i |P|ψ f ae, between states i and f with the momentum operatorP, were used to construct the imaginary part of the dielectric function, with the Kramers-Kronig transformation employed to generate the real part, from which the optical absorption can be directly derived. 45 The amorphous structures were generated using first-principles molecular dynamics (DFT-PBE), for cell sizes up to 448 atoms (64 f.u. per cell), with k-point sampling restricted to the Γ point only. The starting structures were cubic supercells based on the spinel or layered modulated ternary structures, which were heated to 2000 K within a Nos e canonical ensemble for 10 ps, using a time step of 2 fs, to remove structure memory effects. After equilibration at 2000 K, the temperature was lowered to 1000 K for 20 ps and then rapidly quenched to 0 K (100 K/ps). The qualitative results were found to be insensitive to both the starting structure and cell size; the final results presented were obtained using 224 atom (32 f.u.) cells.
It is well-established that the energy landscape for amorphous systems is highly complex 46 with an intractable number of competing local mimina. Through the quenching process, we are just sampling a small number of specific local structural minima; any extension beyond this approach will prove problematic due to the excessive computational demands.
Finally, the total energies and electronic properties were obtained by full relaxation of the volume and atomic positions of the supercell to minimize the quantum mechanical stresses and forces. The densities of states and optical absorption spectra for the aTCOs were obtained using a 3 Â 3 Â 3 k-mesh integrated within the tetrahedron method with Bl€ ochl corrections. 47 All structure and electron density visualization was performed using VESTA. 48 
Results
Structural Properties. The optimized structures of the crystalline and amorphous phases of IZO are shown in Figure 1 . In the crystalline phase, the structure is defined by mixed InO and ZnO polyhedra (bipyramids and tetrahedra) sandwiched between octahedral InO 2 planes. For IGZO and IAZO, the layered InO 2 octahedra are maintained, with Al and Ga replacing the interlayer InO units. 23 Remarkably, in the amorphous phases, these local coordination motifs are also present.
In order to directly compare the local order in both phases, we have calculated the effective coordination number 49, 50 (ECN) and average pair correlation functions for both phases. The ECN is calculated by taking into account the individual metal-oxygen bond lengths (l i ) and their deviation with respect to the weighted average bond length, l av , in the local polyhedra, i.e.
where l av is defined as
with respect to the minimum bond length (l min ) in the polyhedra. This provides a more quantitative description of the classical coordination number and allows for a quick and robust comparison between coordination environments in different crystal structures. We found that the ECN average is 3.98 for Zn in the crystalline phase of IZO, close to the ideal wurtzite ZnO value of 4.00. In the amorphous phase, the value is marginally reduced and fluctuates between 3.5 and 4.0. Indium exhibits more flexibility in its coordination environment as demonstrated by bixbyite In 2 O 3 itself, where the ECN is found to vary from 5.89 to 6.00 for the two crystallographically unique In sites. In IZO, the crystalline In ECN averages from 6.00 (4.66) for the octahedral (bipyramidal) atoms to a 4.2-5.8 range in the amorphous phase. The associated equilibrium polyhedra volumes 51 follow a similar trend. Furthermore, as shown from the ion-averaged pair correlation functions for IZO (Figure 2) , the first coordination shell around In and Zn is well-defined with bond lengths only marginally contracted (less than 2%) from the crystalline phases. These local environments are in good agreement with recent EXAFS analysis for IGZO. 52 However, outside the first coordination shell, no ordering is ascertained. Similar results are obtained for IGZO and IAZO.
This analysis establishes the fact that the amorphous phases are defined by the random packing of cation centered polyhedra, i.e. the rigid anion sublattice present in the crystalline phases is eroded. While the manifestation of structural disorder is associated with a volume increase on the order of 7-12%, Table 1 , the calculated ion-averaged partial charges derived from Bader analysis 53, 54 flucuate within a small range ((0.05 electrons) confirming again that the local bonding preferences and charge neutrality are preserved. That is, even in the amorphous phase, the strong charge transfer between the metal cations and oxygen is preserved. While this is to be expected due to the large electronegativity of oxygen, it is in stark contrast to covalent semiconductors, where amorphization can be accurately represented as a series of local bond rearrangements that peturb the nearest neighbor enviornments. 55 The total energy difference between the crystalline and amorphous TCOs is on the order of 200 meV per f.u. in each system studied, Table 1 , which is expected based on the increased strain due to the quasi-random packing of the cation centered polyhedra on amorphization. Despite their high energy, the aTCOs remain metastable experimentally at standard temperatures as they do not have sufficient energy to overcome the kinetic barriers for recrystallization.
Electronic Properties. The predicted band gap data, employing the hybrid HSE06 functional, are listed in Table 1 . For the crystalline compounds, the band gaps follow the clear trend of the group 13 binary oxides, increasing from In to Ga to Al. For the amorphous compounds, the same band gap trend is observed, but the magnitudes are lower compared to the crystalline structures. To understand whether this arises from perturbation of the valence or conduction bands, we can examine the electronic density of states, Figure 3 . The valence band is composed of mostly O 2p states with some Zn 3d contributions. The features are typical of the crystalline materials. 20, 56 The conduction band density of states is slow to rise, and from examination of the electronic band dispersion, this can be confirmed as a highly dispersive band characteristic of predominately ns 0 cation semiconductors. The dispersion is diminished, but still substantial for the aTCOs.
The main difference in the amorphous phase comes from the series of bands situated at the top of the valence a ΔE, the formation energy per atom relative to the crystalline phase, is also shown. band. This contribution of the valence band to the sub band gap states has been confirmed in recent hard X-ray photoemission measurements 27 and is consistent with the band gap decrease observed for aTCOs.
5 As these states are highly localized in the Zn-rich regions, their contribution to visible range optical absorption (R) is small because the CBM is more localized on the group 13 cation side. On the basis of direct transitions and the Tauc relation (E g opt µ R 2 ), 57 which is regularly used in experimental assessment of the optical band gap, 5,17 we estimate a 0.5 eV difference between the fundamental and optical band gaps in the amorphous phase, while for the crystalline material this difference is 0.25 eV due to weak band-edge transitions typical of In containing oxides, 11 Figure 4 . It is also worth noting that when rapid quenching is employed (>200 K ps -1 ), the formation of peroxide anions is observed, (O 2 2-) O x in Kr€ oger-Vink notation. These act as a potential source of intrinsic carriers, effectively creating an oxygen vacancy in a nominally stoichiometric system, i.e. they may be viewed as an uncompensated anion Frenkel pair:
Peroxide anions have been reported in other metal oxide systems, such as defective SnO 2 30 and ZnO, 58 but their prediction may be related to the typical overbinding of the O 2 molecule by standard DFT functionals such as PBE.
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Their experimental presence may be revealed 59 by a characteristic Raman absorption band around 730 cm -1 .
The amorphous electronic density of states has important consequences. Most significantly for n-type conductivity, the conduction band remains highly delocalized, which can be understood from the overlap between the disperse cation s orbitals and the isotropic nature of the cation s-O 2s bonding. 1, 25, 26 As shown in the conduction band electron density, Figure 5c and d, the overlap is largely unaffected by the long-range structural disorder. As expected from their larger In-O bond lengths, In makes the largest contribution to the antibonding conduction band minimum. For IZO, 2 / 3 of the cations are In, while for IGZO and IAZO, only 1 / 3 In are present. Even for the lower concentration, the In-O polyhedra form a combination of edge and corner sharing networks ensuring that the conduction band is appropriately spread over the entire cell. This also gives a hint at why the amorphous low indium concentration TCOs can give even superior performance: in the crystalline compounds, the In-O networks become confined to two-dimensional planes separated by the Zn and group 13 cations, while in the amorphous compounds, the indiums become more homogeneously distributed and hence offer improved isotropic electron transport.
The upper valence band, however, follows a different fate. The cation d-O 2p derived bonding, which contributes to the top of the valence band, is highly anisotropic and depends on the structural alignment between neighboring polyhedra. This is clearly observed in the valence band electron density (Figure 5a  and b) , where states of similar atomic character are The black lines represent the as calculated spectra, whereas the red lines are the square of the spectra, which is linearly extrapolated to zero absorption to estimate an effective direct optical band gap. separated in real space, confined to different regions of the unit cell, as well as energetically in the electronic band structure.
From our analysis, it is clear that while aTCOs exhibit excellent n-type conductivity, the p-type behavior should be poor due to the localization of the upper valence band states. The majority of p-type TCOs such as CuAlO 2 and SrCu 2 O 2 are derived from Cu 2 O, 60, 61 where electron deficiency (hole formation) is facilitated by Cu oxidation. 62 In this case, polaron mobility will be inhibited by the structural disorder on amorphization. The absence of a p-type response has been noted experimentally, 27 and it is difficult to envisage an approach which would overcome this limitation.
Summary
In conclusion, while translational symmetry is lost on amorphization of metal oxides formed from In, Zn, Al, and Ga cations, the local metal-oxygen coordination motifs are well preserved. It is only the long-range packing of these polyhedra that is absent. This distinguishes the aTCOs from covalent amorphous semiconductors; the first coordination shell of the metal cations will always be saturated in order to facilitate complete charge transfer and satisfy the high electronegativity of the oxygen anions. This phenomenon preserves the preferred charge states of the component ions, ensuring that the main features of valence band and, most importantly, the cation s derived conduction band are maintained. The sub-band gap states produced on amorphization arise only from the valence band, where the covalent bonding (orbital interactions) is more isotropic. The absence of gap states near the conduction band explains why aTCOs behave as excellent n-type conductors and also the lack of p-type performance.
